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Aunnomauyus. B pamxax OauHou pabomvl ObLIO NPOBEOCHO KOMNbIOMEPHOE KEAHMOBO-
Xumu4eckoe MoOeiuposanue 83aumooeticmsaus ocpama MazHus ¢ He3aMeHUMBIMU AMUHOKUCIOMAMU C
yenvio onpeoenenuss OnmMuMaibHo2o cmabunuzamopa oas  Hanouacmuy MQz(PO,),.  Keanmoso-
XUMU4ECKoe MOOeIUPOsanue nposoOULOCh C UCNOAb308AHUEM npocpammnozo obecneuenuss QChem u
monexyaaproeo peoaxmopa 1Qmol. Ha nepsom smane npogoounocs mooemuposanue MoaeKyibl
dochama macnus u MONEKYN HE3AMEHUMBIX AMUHOKUCIOM, Odlee PACCMAMPUBANIOCH MOOEIUPOBAHUE
monexyaapHoeo komniexca «amunoxkucioma-Mgs(POg)», 6 komopom e3aumooeticmeue ¢hocpama
MacHUus ¢ AMUHOKUCIOMOU NPOXOOULO depe3 UOHUSUPOBAHHYIO aMUHOSPYnny. B pezynbsmame noiyuenvi
MOOenU MOAEKYJAPHBIX KOMNIEKCO8, d MAKHCE PACCYUMAHbBL 3HAYEHUs NOJHOU SHePeUU MOJLEKVIAAPHO20
KOMNJIeKCA, IHep2uU 8biculell 3acelEéHHOU U HU3Wel C80O0OHOU MONEKYIAPHBIX opoumanell, XuMu4eckou
HCECMKOCMU U PAZHUYDL NOTHOU IHEPSUU AMUHOKUCIOMbL U MOLEKVIAPHOLO0 KOMIAEKCA «AMUHOKUCIOMA-
Mg3(POy)». B  pesyrbmame yCmano8ieHO, UMO He3AMEHUMble AMUHOKUCIOMbL Mo2ym  Oblimb
appexmusHviMu  cmaburuzamopamu 0N Hamouacmuy gocghama mazHus, UmMo NOOMEEPHCOAemcsl
BHAYEHUSMU PAZHUYbL NOTIHOL SHEP2UU U XUMULECKOU JHCECTNKOCTU MOTIEKYISIPHbIX KOMAIeKco8. B ceszu ¢
mem, Ymo MOAEKVAAPHBIL KOMIIeKC mpunmogana u gochama macnus, 8 KOMOPOM 83aUMOOCUCMEUE
MOJIEKYl NPOUCXOOUM Hepe3 AMUHOSPYNNY 8 UHOOJbHOM KOblYe mpunmogana, 0oiaoaem Haubobuumu
SHAUeHUuUsMU pasHuybl noaHou sHepeuu (AE = 1946,223 xrxan/monv) u Xumuueckou HCECMKOCMU
(n = 0,121 2B), modicHo coenamv 61600, YMO MPUNMOPAH SAGNAEMCS ONMUMATbHBIM CINAOUTUZAMOPOM
05t HaHouacmuy ocghama macHus.
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Abstract. As part of this work, a computer quantum chemical simulation of the interaction of
magnesium phosphate with essential amino acids was carried out in order to determine the optimal
stabilizer for Mgs(PO,4), nanoparticles. Quantum chemical modeling was carried out using the QChem
software and the 1Qmol molecular editor. At the first stage, the modeling of the magnesium phosphate
molecule and the molecules of essential amino acids was carried out, then the modeling of the molecular
complex "amino acid- Mgs(PO,)," was considered, in which the interaction of magnesium phosphate with
an amino acid passed through an amino group. As a result, models of molecular complexes were
obtained, and the values of the total energy of the molecular complex, the energies of the highest
populated and lowest free molecular orbitals, chemical rigidity and the difference in the total energy of
the amino acid and the molecular complex "amino acid- Mgs(PO,)," were calculated. As a result, it was
found that essential amino acids can be effective stabilizers of magnesium phosphate nanoparticles,
which is confirmed by the values of the difference in total energy and chemical rigidity of molecular
complexes. Due to the fact that the molecular complex of tryptophan and magnesium phosphate, in which
the interaction of molecules occurs through the amino group in the in the indole ring of tryptophan, has
the highest values of the difference in the total energy (AE = 1946,223 kcal/mol) and chemical hardness
(n = 0.121 eV), it can be concluded that tryptophan is the optimal stabilizer for nanoparticles magnesium
phosphate.
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Introduction. Magnesium is one of the essential macroelements - substances necessary
for humans and not synthesized by the body. This metal is an important component of the
functioning of the nervous system, is involved in protein synthesis, and also supports the
functioning of the heart. In the human body, magnesium is mainly found in bones, muscle and
other tissues. Thus, the body of an adult weighing 70 kg contains about 24 g of magnesium [1].
Despite the low content in hard tissues (0.44 % wt. in enamel, 1.23 % wt. in dentin, 0.5-0.9 %
mass in bone), Mg #* plays an important role in their mineralization. Magnesium affects the
vascular tone of peripheral and coronary vessels, and is also involved in the activation of
enzymes and muscle contractions, transmission of impulses at neuromuscular synapses, platelet
aggregation, and metabolic processes in tissues with ischemia [2, 3].

Since magnesium is an essential macronutrient, its concentration in the human body must
be maintained by consuming foods and medications containing magnesium. As a result of Muth's
and Maathuis’s research it was found that magnesium entering the human body with food is
absorbed only by 40 % [4, 5]. Magnesium travels a long way from absorption in the
gastrointestinal tract to entering the blood and distribution throughout the body: about 60%
accumulates in the bones, about 20 % — in skeletal muscles, 19 % — in other soft tissues, less than
1 % is outside the cells, and only a part of this percentage circulates in the blood. Due to a lack
of magnesium in the human body, hypomagnesemia develops, the development of which leads to
disruption of the cardiovascular system, muscle cramps, and increased anxiety. [6, 7].
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Magnesium deficiency occurs due to malnutrition, diseases of internal organs and disruption of
the endocrine system [8].

To increase the proportion of absorbable magnesium in the human body, various
preparations containing magnesium compounds, such as magnesium citrate, oxide, malate or
glycinate, are used today [9, 10]. The most effective form of magnesium presented today is
citrate with a degree of digestibility of 90 % [11, 12]. The use of nanosized forms of magnesium
is a promising direction for increasing the digestibility of this macroelement, since they have
greater biocompatibility with the human body and do not have a toxic effect on the body [14,
15]. At work Sengupta J. The biocompatibility of magnesium nanoparticles and their effect on
the human body was considered, as a result of which it was revealed that the degree of
digestibility of the nano-sized form of magnesium is at least 90-95 % [15].

Stabilization of nanoparticles is one of the ways to obtain nanomaterials with certain
properties and sizes. To stabilize nanoparticles, various methods are used, such as maintaining a
certain pH level and using various surfactants [16, 17]. One of the promising methods for
stabilizing nanoparticles of macro and microelements is the use of amino acids, thanks to which
it is possible to obtain substances necessary for the human body, combined in one preparation
and with high biological digestibility [18 — 20]. Using modern computer modeling methods, it is
possible to obtain theoretical information about the process of stabilization of nanoparticles, on
the basis of which a holistic picture of the properties of the compounds under study is formed
[21, 22].

Thus, the purpose of this work is to conduct computer quantum chemical modeling of the
interaction of magnesium phosphate with essential amino acids to determine the optimal
stabilizer for Mg 3 (PO 4 2 hanoparticles.

Materials and research methods. QChem software using a molecular editor - 1IQmol ,
using the Hartree Fock ( HF ) method and the 6-31 G basis .

Computer modeling was carried out in two stages: at the first stage, individual molecules
of magnesium phosphate and essential amino acids -
L -valine (Val), L -leucine ( Leu ), L -isoleucine ( lle ), L -methionine ( Met ), L -threonine ( Tre
), L -lysine ( Lys ), L -phenylalanine ( Phe ), L -tryptophan ( Trp ); Next, modeling of the
interaction of magnesium phosphate with amino acids through the amino group was carried out.
As a result, molecular models, electron density distribution, highest occupied and lowest
unoccupied molecular orbitals were obtained. Also, as calculated simulation results, the values of
the total energy of the molecular system ( E ), the energy of the highest occupied molecular
orbital ( E nowmo ), and the energy of the lowest free molecular orbital ( E | ymo ) Were obtained.
Based on the data obtained, the difference in the total energy of the amino acid and the system of
interaction of magnesium phosphate with the amino acid ( A E ) and the chemical hardness ( 7 )
were calculated, calculated using formulas 1 — 2 [23, 24]:

AE = Ey — Ej, 1)
where E  is the total energy of the amino acid molecule,
E 1— total energy of the system of interaction of magnesium phosphate with amino acid.

— ELumo—EHomo (2)

> :

Research results and their discussion. As a result of computer modeling of the
interaction of magnesium phosphate with essential amino acids, quantum chemical calculations
were obtained, presented in Table 1.

66 Bbinyck Ne 4, 2023



Modern Science and Innovations. 2023. No. 4 (44)

Table 1 — Results of computer quantum chemical simulation of the interaction of magnesium phosphate
with essential amino acids

Molecular Reaction Mg 3 ( PO 4) , with amino E, EHOMO | ELU | #,eV AE,
system acid kcal/mol ev MO kcal/mol
eV
Mg 3(PO,), - -1873.591 | -0.339 -0.075 | 0.132 | —
Val - -402.112 -0.249 0.016 | 0.133 | —
Val - Mg 3 (PO | Via the a-amino group of valine -2347,545 | -0.171 _ | - 0.062 | 1945.433
1) 2 _ 0.047
Leu - -441.397 -0.260 0.006 | 0.133 | —
Leu - Mg 3(PO | Through the a-amino group of leucine | - 238 7,046 | -0.181 _ | -0.0 0.088 | 1945.649
4) 2 _ 05
lle - -441.394 -0.247 0.018 | 0.133 | —
lle - Mg 3 (PO 4 | Through the a-amino group of -238 6,594 | -0.137 _ | 0.043 | 0.090 | 1945,200
)2 isoleucine _
Met - -800.251 -0.232 0.006 | 0.119 | —
Met - Mg 3 (PO | Through the a-amino group of -2745.140 | -0.183_ | 0.037 | 0.110 | 1945,889
4) 2 methionine
Tre - -438.015 -0.248 0.006 | 0.127 | —
Tre - Mg 3 (PO | Through the a-amino group of -2383,285 | -0.225_ | -0.0 0.095 | 1945.270
4) 2 threonine _ 35
Lys — -496.481 -0.177 -0.024 | 0.077 | —
Lys - Mg 3 (PO | Through the a-amino group of lysine | -2442.306 | -0.228 _ | -0.0 0.104 | 1945.825
4)2 21
Through the e-amino group of lysine -2441.983 | -0.215_ | -0.0 0.084 | 1945.502
47
Phe - -554.424 -0.240 0.002 | 0.121 | —
Phe - Mg 3 (PO | Through the a-amino group of -2500.402 |-0.199 | -0.0 0.096 | 1945,978
4) 2 phenylalanine 08
Trp - -685.684 -0.195 -0.035 | 0.080 | -
Trp - Mg 3 (PO | Through the a-amino group of -2630.871 |-0.209 _ | -0.0 0.093 | 1945.187
4) 2 tryptophan 24
Through the amino group in the -2631,907 |-0.243_ | -0.0 0.121 | 1946.223
indole ring of tryptophan 01

As a result of the analysis of the data obtained, it was established that the interaction of
magnesium phosphate with amino acids is energetically favorable, which is confirmed by the
values of the difference in total energy ( A E > 1945 kcal/mol), which is also greater than the
total energy of a magnesium phosphate molecule. Also, molecular complexes “amino acid- Mg 3
( PO 4) 2 ” are chemically stable ( # > 0.062 eV). Based on this, we can conclude that amino

acids can be effective stabilizers for magnesium phosphate nanoparticles.

Also, based on the results obtained, the optimal stabilizer for magnesium phosphate —
tryptophan — was determined. The model of the molecular complex “ Trp - Mg 3( PO 4) > 7, the
electron density distribution, as well as the highest occupied and lowest unoccupied molecular
orbitals are presented in Figure 1.
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Figure 1 —Results of modeling the molecular complex “ Trp - Mg 3( PO 4) ,”, in which the interaction of
tryptophan and magnesium phosphate occurs through the amino group in the indole ring of tryptophan
a— model of a molecular complex; b — electron density distribution; ¢ — gradient of electron density
distribution; d — decoding of atoms; e — highest occupied molecular orbital; e — lowest free molecular orbital

The resulting molecular complex has the largest energy difference ( A E =1946.223
kcal/mol) and chemical hardness ( # =0.121 eV), which indicates the energetic benefit of the
interaction of tryptophan with magnesium phosphate through the amino group in the indole ring
of tryptophan, as well as the high chemical stability of this molecular complex.

Conclusion. As a result of computer quantum chemical modeling of the interaction of
magnesium phosphate with essential amino acids, models of molecular complexes “amino acid-
Mg 3 ( PO 4) 2 7 were obtained, the values of the total energy of the molecular complex, the
energy of the highest occupied and lowest free molecular orbitals were obtained, and the values
were calculated chemical rigidity of the system and the difference in the total energy of the
amino acid and the molecular complex. Based on the data obtained, it was established that
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essential amino acids can be effective stabilizers for magnesium phosphate nanoparticles. It has
also been established that the molecular complex “ Trp - Mg 3 ( PO 4) 2 7, in which the
interaction of tryptophan with magnesium phosphate occurs through the amino group in the
indole ring of tryptophan, is the most energetically favorable and chemically stable.

JUTEPATYPA

1. Salimi M. H., Heughebaert J. C., Nancollas G. H. Crystal growth of calcium phosphates in the presence of
magnesium ions // Langmuir. 1985. P. 119-122.

2. Hawkesford M. J. et al. Marschner's mineral nutrition of higher plants // Academic press. 2012. P. 135-189.

3. Maathuis F. J. M. et al. Physiological functions of mineral macronutrients // Current opinion in plant
biology. 2009. Vol. 12. No. 3. P. 250-258.

4. Hawkesford M. J. et al. Functions of macronutrients Marschner's Mineral Nutrition of Plants // Academic
Press. 2023. P. 201-281.

5. Bauer J., Gerss J. Longitudinal analysis of macronutrients and minerals in human milk produced by
mothers of preterm infants // Clinical nutrition. 2011. Vol. 30. No. 2. P. 215-220.

6. Muth A. K, Park S. Q. The impact of dietary macronutrient intake on cognitive function and the brain //
Clinical Nutrition. 2021. Vol. 40. No. 6. P. 3999-4010.

7.  Costa-Pinto R., Gantner D. Macronutrients, minerals, vitamins and energy // Anaesthesia & Intensive Care
Medicine. 2020. Vol. 21. No. 3. P. 157-161.

8. Lindberg J. S. et al. Magnesium bioavailability from magnesium citrate and magnesium oxide // Journal of
the American college of nutrition. 1990. Vol. 9. No. 1. P. 48-55.

9. Hoy S. M., Scott L. J, Wagstaff A. J. Sodium picosulfate/magnesium citrate: a review of its use as a
colorectal cleanser // Drugs. 2009. Vol. 69. P. 123-136.

10. VYxonxuna I'. b. Pons Maraus B 3a0oneBanusix cepaedno—cocyauctoit cucremst // PMIXK. 2011. T. 19. Ne. 7.
C. 476-480.

11. Akhtar M. 1. et. al. Magnesium, a drug of diverse use // Journal of the Pakistan Medical Association. 2011.
Vol. 61. No. 12. P. 1220.

12. Touyz R. M. Magnesium in clinical medicine // Frontiers in Bioscience-landmark. 2004. Vol. 9. No. 2. P.
1278-1293.

13. Bertran O. et al. Synergistic approach to elucidate the incorporation of magnesium ions into hydroxyapatite
/I Chemistry — A European Journal. 2015. Vol. 21. No. 6. P. 2537-2546.

14. Cole J. C. et al. Nitrogen, phosphorus, calcium, and magnesium applied individually or as a slow release or
controlled release fertilizer increase growth and yield and affect macronutrient and micronutrient concentration and
content of field-grown tomato plants // Scientia Horticulturae. 2016. Vol. 211. P. 420-430.

15. Sengupta J. et al. Physiologically important metal nanoparticles and their toxicity // Journal of Nanoscience
and Nanotechnology. 2014. Vol. 14. No. 1. P. 990-1006.

16. Whitby C. P. et al. Nanoparticle adsorption and stabilisation of surfactant-free emulsions // Journal of
colloid and interface science. 2006. VVol. 301. No. 1. P. 342-345.

17. Aguey-Zinsou K. F., Ares-Fernandez J. R. Synthesis of colloidal magnesium: a near room temperature
store for hydrogen // Chemistry of Materials. 2008. Vol. 20. No. 2. P. 376-378.

18. TIlammnua O. B., l'ogpimuyk A. FO. ArperaTBHas YCTOHYHBOCTH CYCIICH3WH HAHOYACTHI[ B PacTBOpax
aAMHUHOKHUCIIOT // YUeTBepThIH MEXAUCHUILTHHAPHBIN HAayYHBIH (QOpPYM C MEXIyHapOIHBIM ydacTreM «HoBbie
MaTepHalbl U MEPCICKTHBHEBIC TEXHOIOTHIY, MockBa, 27-30 Hos0ps 2018 roxa. Tom |. Mocksa: Bykun Bemu. 2018.
C. 413-415.

19. Sultana S. et al.Stability issues and approaches to stabilised nanoparticles based drug delivery system //
Journal of Drug Targeting. 2020. Vol. 28. No. 5. P. 468-486.

20. Marmakemunze 1. I'. u np. CuHTE3 U U3yUeHHE CTPYKTYPHI OMOAKTHBHBIX HAHOYACTHIL CHIIMKATa Maruust //
Hawnounaycrpust. 2023. T. 16. Ne 3-4 (121). C. 186-195.

21. Nathanael K. et al. Computational modelling and microfluidics as emerging approaches to synthesis of
silver nanoparticles—A review // Chemical Engineering Journal. 2022. Vol. 436. P. 135178.

22. Karagiannakis N. P., Skouras E. D., Burganos V. N. Modelling thermal conduction in nanoparticle
aggregates in the presence of surfactants // Nanomaterials. 2020. V. 10. No. 11. P. 2288.

23. bmunoBa A. A. m ap. KomnbeioTepHOe KBaHTOBO-XMMHYECKOE MOJIEIMPOBaHNE B3auMMoJeHcTBHs (ochaTa
Kajabnyuad C€ aMHUHOKHUCIOTaMU /| DPU3UKO-XUMHYECKHE aACIEKTHI HU3Y4YCHUSI KIACTEPOB, HAHOCTPYKTYp U
Hanomatepuaios. 2022. Ne 14. C. 352-361.

24. Blinova A. A. et al. Synthesis and characterization of calcium silicate nanoparticles stabilized with amino
acids // Micromachines. 2023. Vol. 14. No. 2. P. 245.

REFERENCES

1. Salimi MH, Heughebaert JC, Nancollas GH. Crystal growth of calcium phosphates in the presence of
magnesium ions. Langmuir. 1985;119-122.

Issue No. 4, 2023 69



CoBpemMeHHast Hayka 1 nHHOBaruu. 2023. Ne 4 (44)

2. Hawkesford MJ et al. Marschner's mineral nutrition of higher plants. Academic press. 2012;135-189.

3. Maathuis FIM. et al. Physiological functions of mineral macronutrients. Current opinion in plant biology.
2009;12(3):250-258.

4. Hawkesford MJ et al. Functions of macronutrients Marschner's Mineral Nutrition of Plants. Academic
Press. 2023:201-281.

5. Bauer J, Gerss J. Longitudinal analysis of macronutrients and minerals in human milk produced by mothers
of preterm infants. Clinical nutrition. 2011;30(2):215-220.

6. Muth AK, Park SQ. The impact of dietary macronutrient intake on cognitive function and the brain.
Clinical Nutrition. 2021;40(6):3999-4010.

7. Costa-Pinto R, Gantner D. Macronutrients, minerals, vitamins and energy. Anaesthesia & Intensive Care
Medicine. 2020;21(3):157-161.

8.  Lindberg JS et al. Magnesium bioavailability from magnesium citrate and magnesium oxide. Journal of the
American college of nutrition. 1990;99(1):48-55.

9. Hoy SM, Scott LJ, Wagstaff AJ. Sodium picosulfate/magnesium citrate: a review of its use as a colorectal
cleanser. Drugs. 2009;69:123-136.

10. Ukholkina GB. Rol' magniya v zabolevaniyakh serdechno-sosudistoi sistemy. RMZh. 2011; 19(7):476-
480.

11. Akhtar MI et. al. Magnesium, a drug of diverse use. Journal of the Pakistan Medical Association.
2011;61(12):1220.

12. Touyz RM. Magnesium in clinical medicine. Frontiers in Bioscience-landmark. 2004;9(2):1278-1293.

13. Bertran O et al. Synergistic approach to elucidate the incorporation of magnesium ions into hydroxyapatite.
Chemistry — A European Journal. 2015;21(6):2537-2546.

14. Cole JC et al. Nitrogen, phosphorus, calcium, and magnesium applied individually or as a slow release or
controlled release fertilizer increase growth and yield and affect macronutrient and micronutrient concentration and
content of field-grown tomato plants. Scientia Horticulturae. 2016;211:420-430.

15. Sengupta J. et al. Physiologically important metal nanoparticles and their toxicity. Journal of Nanoscience
and Nanotechnology. 2014;14(1):990-1006.

16. Whitby CP et al. Nanoparticle adsorption and stabilisation of surfactant-free emulsions. Journal of colloid
and interface science. 2006;301(1):342-345.

17. Aguey-Zinsou KF, Ares-Fernandez JR. Synthesis of colloidal magnesium: a near room temperature store
for hydrogen. Chemistry of Materials. 2008;20(2):376-378.

18. Papina YuV, Godymchuk AYu. Agregativnaya ustoichivost' suspenzii nanochastits v rastvorakh
aminokislot. Chetvertyi mezhdistsiplinarnyi nauchnyi forum s mezhdunarodnym uchastiem ‘“Novye materialy i
perspektivnye tekhnologii”, Moskva, 27-30 noyabrya 2018 goda. Tom |. Moskva: Buki Vedi; 2018. P. 413-415. (In
Russ.).

19. Sultana S et al.Stability issues and approaches to stabilised nanoparticles based drug delivery system.
Journal of Drug Targeting. 2020;28(5):468-486.

20. Maglakelidze D. G. i dr. Cintez i izuchenie struktury bioaktivnykh nanochastits silikata magniya.
Nanoindustriya. 2023;16(3-4)(121):186-195. (In Russ.).

21. Nathanael K et al. Computational modelling and microfluidics as emerging approaches to synthesis of
silver nanoparticles—A review. Chemical Engineering Journal. 2022;436:135178.

22. Karagiannakis NP, Skouras ED, Burganos VN. Modelling thermal conduction in nanoparticle aggregates in
the presence of surfactants. Nanomaterials. 2020;10(11):2288.

23. Blinova AA i dr. Komp'yuternoe kvantovo-khimicheskoe modelirovanie vzaimodeistviya fosfata kal'tsiya s
aminokislotami. Fiziko-khimicheskie aspekty izucheniya klasterov, nanostruktur i nanomaterialov. 2022;14:352-
361. (In Russ.).

24. Blinova AA et al. Synthesis and characterization of calcium silicate nanoparticles stabilized with amino
acids. Micromachines. 2023;14(2):245.

NH®OPMALIMSA Ob ABTOPAX

Anacracusi AusiekcanapoBHa baunoBa — jouneHT Kadeapsl (QH3MKH M TEXHOJOTHU
HAHOCTPYKTYp M MaTepuajoB, (U3HKO-TeXHHYecKuil (akynbrer, CeBepo-KaBkasckuii (enepaibHbIi
yHuBepcutet, yi. [lymxkuna, 1, CraBpomnons, 355029, Poccus, +79887679460, https://orcid.org/0000-
0001-9321-550X, nastya_bogdanova_88@mail.ru

Maxkcum AuiekcanapoBuy IIuporoB — cryneHT 4 kypca OakanaBpuata kKadeapbl (HU3UKA U
TEXHOJIOTUM HAHOCTPYKTYpP W MaTepHaioB, (U3HKO-TexHH4Yeckuii ¢akynprer, CeBepo-KaBkasckwuii
dbenepanbubiii  yHuBepcuter, yi. [lymkumua, 1, CraBponoib, 355029, Poccus, +79614883920,
pirogov.m.2002@gmail.com

Hpuna MuxaiisioBaa IlleBueHKo — KaHIUIAT TEXHUYECKUX HAyK, JOLUCHT Kadeapsl Gpuznku u
TEXHOJIOTUM HAHOCTPYKTYpP W MaTepHaioB, (U3HKo-TexHH4Yeckuii ¢akynprer, CeBepo-KaBkasckwuii

70 Bbinyck Ne 4, 2023


mailto:pirogov.m.2002@gmail.com

Modern Science and Innovations. 2023. No. 4 (44)

dbenepanbublii  yHuBepcuTer, yia. Ilymkwmua, 1, CraBpomnoib, 355029, Poccus, +79187873330,
https://orcid.org/0009-0005-9113-9335, imshevchenko@ncfu.ru

IMaBen CepreeBuu JIeoHTbeB — CTYICHT 3 Kypca OakanaBpuata kadeapsl GU3NKH ¥ TEXHOJOTHU
HAHOCTPYKTYp W MAaTepuayioB, (Gu3uKo-TexHu4Yeckuii (axynpreT, CeBepo-KaBkasckuii (emepanbHbIi
yHuBepcutet, yi. Ilymkuna, 1, CraBpornonb, 355029, Poccus, +79280106902, https://orcid.org/0000-
0001-6532-5816, pavel.serg.leontev@gmail.com

JMuonnc Jlemokputopny PUIMNNOB — CTYIACHT 3 Kypca OakamaBpuara kadeapsl QUMK U
TEXHOJIOTHM HAHOCTPYKTYp M MaTepualioB, (usmko-texHuueckuii dakynprer, CeBepo-KaBkazckuii
denepanbuplii  yHuUBepcuteT, ya. Ilymkwna, 1, CraBpomons, 355029, Poccus, +79054458353,
https://orcid.org/0000-0003-1997-6583, dio_5@mail.ru

Erop CranuciasoBuuy Ky3HemoB — cCTyaeHT 3 Kypca CHCIHMANINWTETa, MEAarorHuecKui
(akynprer, CTaBpOMONBCKHNA TOCYIHApCTBEHHBI MEIUIMHCKHUIA YHUBEpcHUTET, yia. Mupa, 310,
CraBpormouib, 355017, Poccus, +79280095371, https://orcid.org/0009-0003-3712-1535,
egorka_kuznetsov_96@list.ru

INFORMATION ABOUT THE AUTHORS

Anastasiya A. Blinova — PhD, Assistant Professor of the Department of Physics and Technology
of Nanostructures and Materials, Faculty of Physics and Technology, North Caucasus Federal University,
1, Pushkin St., Stavropol, 355029, Russia, 8-988-767-94-60, https://orcid.org/0000-0001-9321-550X,
nastya_bogdanova_88@mail.ru

Maxim A. Pirogov — Student of the Department of Physics and Technology of Nanostructures
and Materials, Faculty of Physics and Technology, North Caucasus Federal University, 1, Pushkin St.,
Stavropol, 355029, Russia, 8-961-488-39-20, pirogov.m.2002@gmail.com

Irina M. Shevchenko — PhD, Assistant Professor of the Department of Physics and Technology
of Nanostructures and Materials, Faculty of Physics and Technology, North Caucasus Federal University,
1, Pushkin St., Stavropol, 355029, Russia, 8-918-787-33-30, https://orcid.org/0009-0005-9113-9335,
imshevchenko@ncfu.ru

Pavel S. Leontev — Student of the Department of Physics and Technology of Nanostructures and
Materials, Faculty of Physics and Technology, North Caucasus Federal University, 1, Pushkin St.,
Stavropol, 355029, Russia, 8-928-010-69-02, https://orcid.org/0000-0001-6532-5816,
pavel.serg.leontev@gmail.com

Dionis D. Filippov — Student of the Department of Physics and Technology of Nanostructures
and Materials, Faculty of Physics and Technology, North Caucasus Federal University, 1, Pushkin St.,
Stavropol, 355029, Russia, 8-905-445-83-53, https://orcid.org/0000-0003-1997-6583, dio_5@mail.ru

Egor S. Kuznetsov — Student of the Pedagogical Faculty, Stavropol State Medical University,
310, Mira St., 355017, Stavropol, Russia, 8-928-009-53-71, https://orcid.org/0009-0003-3712-1535,
egorka_kuznetsov_96@list.ru

Bkiiag aBTOpoOB: Bce aBTOPBI BHECIHM PaBHBINM BKJIAJ] B IOATOTOBKY MTYOJUKALINH.
KonduukT uHTEpecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUM KOH(DIMKTA UHTEPECOB.

Contribution of the authors: the authors contributed equally to this article.
Conflict of interest: the authors declare no conflicts of interests.

Cmamwbs nocmynuna 6 pedaxyuro: 14.10.2023,;
0006pena nocne peyensuposanus: 12.11.2023,;
npunama k nyonuxayuu: 12.12.2023.

The article was submitted: 14.10.2023;

approved after reviewing: 12.11.2023;
accepted for publication: 12.12.2023.

Issue No. 4, 2023 71


mailto:egorka_kuznetsov_96@list.ru
mailto:pirogov.m.2002@gmail.com



